Chalcogenide glasses have received lots of attention because of their superior optical properties. To optimize these properties and expand areas of applications, more studies are required to establish the extent to which the parameters can be tuned over a wide range of annealing temperatures and heating rates. To do this, bulk and thin ∼150 nm As 30 Te 67 Ga 3 films were prepared by melt-quenching and thermal evaporation techniques, respectively. The phase transition was investigated using differential scanning calorimeter (DSC) while the crystal structures were studied by X-ray diffraction (XRD). Characteristic temperatures such as the glass transition, crystallization and melting temperature of the bulk glass were found to depend on the heating rate. The activation energy of glass transition was 167.29 kJ/mol while the energy of crystallization was 103.98 kJ/mol. XRD results indicated that the annealed films showed more crystallinity, larger average crystallite size, lower dislocation density and lower strain as annealing temperature increased. According to the Avrami exponent, a combination of two and three-dimensional crystal growth with heterogeneous nucleation are possible mechanisms for the crystallization process. Moreover, optical constants such as the optical band gap, refractive index, extinction coefficient, high-frequency dielectric constants, real and imaginary parts of dielectric constants were found to strongly depend on the annealing temperature. The optical energy gap decreased from 1.1 to 0.89 eV as the annealing temperature increased from 373 to 433 K. These results indicate that thermal annealing is a major factor that can be used to tune the crystal structure, and hence the optical properties of As 30 Te 67 Ga 3 system.
I. Introduction
Chalcogenide glasses have received lots of attention because of their potential uses in optical fibers, infrared optical elements, optical transmission media, reversible phase change optical records among others [1, 2] . These applications are premised on their superior optical and physical properties. Binary As-Te is archetypical chalcogenide glass-forming system with high crystallization ability [3] . Their properties can be improved significantly by adding other elements. Studies have shown that the addition of Ga to As-Te alloy is preferable for applications such as memory electrical switching devices [4] . Moreover, As-Te-Ga system can change phase from amorphous to crystalline and vice versa making it a promising candidate for opto-electronic applications [5] . Interestingly, the structures and consequently the optical properties of chalcogenide materials can be tuned by thermal annealing [6] .
Studies on optical properties of As-Te-Ga are limited [5] [6] [7] . For instance, Dongol [7] reported that the addition of Ga influences the optical band gap, the glass transition and crystallization temperature of As 30 Te 70-x Ga x . Similarly, Abd-Elrahman et al. [5] found that asprepared Te 67.5 Ga 2.5 As 30 thin film shows an indirect allowed transition with a decrease in the value of the optical energy gap as the thickness increases. Conversely, samples annealed at temperatures beyond the crystallization temperature show a direct allowed transition in which the optical energy gap increases with annealing temperature. In another publication, Abdel-Rahim [6] reported that the optical gap of Ga 8 As 46 Te 46 thin films increases with the annealing temperature up to 443 K. This, however, decreases sharply for higher tempera-ture. The observed change in the optical gap, as influenced by the thickness and the annealing temperature (up to 443 K) was interpreted based on the density of states model proposed by Mott and Davis [8] .
Since reports on As-Te-Ga film are limited, this paper presents a more detailed experimental study on the influence of annealing temperature on the structural and optical parameters of As 30 Te 67 Ga 3 thin film. We conducted the study over a wide range of heating and annealing temperatures. In addition, the calorimetric study was conducted on the bulk samples to examine the glass transition and melting temperature. It should be noted that the composition of the film was intentionally chosen to lie within the glass-forming region to enable more understanding of the optical properties for more applications.
II. Experimental
Bulk As 30 Te 67 Ga 3 glasses were prepared by the conventional melt-quenching technique. High-purity As, Te and Ga (purchased from Sigma-Aldrich) were weighed accordingly and then inserted into a clean silica-glass ampoule. Then, the ampoule was sealed in a vacuum of 10
Torr and introduced into a furnace at 1100 K for 24 h. During the melting process, the ampoule was stirred continuously to ensure homogeneity of the melt. Finally, As 30 Te 67 Ga 3 bulk glass was obtained by quenching the ampoules in ice cold water. As 30 Te 67 Ga 3 thin films were then deposited on an ultrasonically cleaned glass substrate by thermal evaporation technique using a high-vacuum (10
Torr) coating unit (Model Edwards E306A). The film thickness (∼150 nm) was determined using a quartz crystal thickness monitor.
The elemental compositions of the as-prepared bulk and thin films were examined by energy dispersive spectral X-ray spectroscopy (EDX). A Philips X-ray diffractometer type-1710 was employed to identify the crystalline phases in the samples. The crystallization kinetics was monitored by DSC (Model: TA -Q20). For this purpose, ∼15 mg of the bulk glass sample was used. The measurement was performed under different heating rates (β) of 5-25 K/min and temperature range of 310-675 K. The glass transition temperature (T g ), crystallization extrapolated onset temperature (T c ), crystallization peak temperature (T p ) and melting temperature (T m ) were determined in this way. The thermal annealing of As 30 Te 67 Ga 3 thin films or bulk samples was conducted in a furnace under vacuum conditions at different temperatures for 1 h. The annealing process was carried out for the thin film samples at 373, 393, 413, 433, 473, and 513 K. The spectral transmittance (T ) and reflectance (R) of the investigated films were measured using a computerized double beam spectrophotometer (Model: Shimadzu UV-2101) in the wavelength (λ) range from 300 to 2500 nm.
III. Results and discussion

Structural characterization
The EDX spectra of the as-prepared As 30 Te 67 Ga 3 bulk glass and thin films are shown in Figs. 1a and 1b. The peaks of As, Te, and Ga are clearly identified, and the atomic percentage compositions were calculated to be 30.38, 66.73 and 2.89, respectively. According to the XRD spectrum (Fig. 2) , the as-prepared film, just as the bulk samples, is largely amorphous with a single peak at 2θ = 72°. This is attributed to the crystallization of As phase during preparation. Conversely, the samples annealed at 433, 473 and 513 K show few crystalline peaks which correspond to the orthorhombic, monoclinic and hexagonal crystal structure of As, As 2 Te 3 , and Ga 2 Te 3 phases, respectively. Panish [9] reported a similar observation for other compositions of As, Te, Ga systems. Furthermore, it is clearly noted that the number and intensity of the crystalline peaks increased with annealing temperature. Based on the XRD data, we calculated the average crystallite size (D hkl ), interplanar distance (d hkl ), dislocation density (σ) and strain (ε) from Equa- tions (1-4), respectively [11] . The results are presented in Table 1 .
where λ is the X-ray wavelength, β hkl is the full-width at half maximum, θ is the diffraction angle, h, k, and l are the Miller indices; a, b, and c are the lattice parameters and s is a factor, which equals unity for minimum dislocation. According to Table 1 , while average crystallite size increased with annealing temperature, the dislocation density and strain decreased accordingly. This observation indicates improved crystallinity due to the heat treatment which agrees with studies reported on some other chalcogenide thin films [11] [12] [13] . Figure 3a shows the DSC curves of As 30 Te 67 Ga 3 glass at different heating rates (from 5 to 25 K/min). Four characteristic phenomena were observed at different temperature regions. The first phenomenon is the endothermic peak corresponding to the glass transition temperature (T g ) while the second one corresponds to the crystallization onset temperatures (T c1 and T c2 ). The third phenomenon is the crystallization exothermic peaks (T p1 and T p2 ) while the last feature is the endothermic peak due to the melting (T m ). The values of these characteristic temperatures are given in Table 2 . The observed melting point, 622 ± 0.5 K, is in agreement with the melting point of As 2 Te 3 phase reported elsewhere [9] . Also, the existence of Ga shifts other characteristic temperatures by about 5 K compared to the As 30 Te 70 system [12] . The values of T g , T c1 , T c2 , T p1 , and T p2 increased with the heating rate. The appearance of double crystallization peaks at T c1 and T c2 (Fig. 3a) has been observed for many chalcogenide glasses, and it is attributed to the occurrence of phase separation [13] [14] [15] [16] . To confirm this, the DSC curve for the annealed sample is presented in Fig. 3b . The glass transition and the first crystallization peak disappeared while the second crystallization peak can be observed in the insert of Fig. 3b .
Different approaches have been used to analyze the dependence of the glass transition temperature T g on heating rate β. Among them is the empirical equation suggested by Lasocka [17] : Table 2 . The glass transition temperature (T g ), the onset crystallization temperatures (T c1 and T c2 ), the crystallization peak temperatures (T p1 and T p2 ), and the melting temperature (T m ) for As 30 Te 67 Ga 3 bulk glass at different heating rates 
where A and B are constants which depend on the glass compositions. The relationship between T g and ln β for As 30 Te 67 Ga 3 is shown in Fig. 4 where A and B are calculated to be 18.3 and 375.96 K, respectively. Equation (5) can, therefore, be rewritten as:
The activation energy of glass transition (E g = 167.29 kJ/mol) was obtained from Eq. (7) by plotting ln β against 1/T g (Fig. 5a ) [18, 19] :
Based on the first crystallization exothermic peak (T p1 ), the activation energy of crystallization E c can be obtained using the Kissinger's approach or the JohnsonMehl-Avrami (JMA) model [20] :
The plot of ln(β/T 2 p1 ) versus 1/T p1 (Fig. 5b ) yielded E c of 103.98 kJ/mol. Additionally, the method suggested by Matusita et al. [21] for non-isothermal conditions can be employed here to describe the crystal growth process of the studied composition:
where χ is the conversion parameter, n is the Avrami exponent and m is an integer which depends on the mechanism of growth and crystal dimensionality. The value of the dimensional factor m is in the range of 1-3. The plot of ln[− ln(1 − χ)] against 1/T at different heating rates ( where E c and m were obtained as 103.98 kJ/mol and 5.5, respectively. The Avrami exponent (n), which describes the crystal growth mechanism, is deduced from Eq. (10):
The value of n (= m + 1) was obtained as 4.3 for all peaks from the plot of ln[− ln(1 − χ)] against ln β (Fig.  6b) . Since the value of n indicates that m ≈ 3, more than one mechanism is involved in the crystallization process [22] . A good suggestion is a combination of two and three-dimensional crystal growth with heterogeneous nucleation [23] . Figure 7a shows the dependence of transmittance (T ) and reflectance (R) of As 30 Te 67 Ga 3 films on the annealing temperatures. It is clearly observed that T decreased with annealing temperature until 433 K, and increased thereafter. The decrease in the optical transmittance as a result of the thermal annealing may be due to the amorphous-crystalline transformation as observed from the XRD data and reported elsewhere [5, 12, 13, 23] . Conversely, reflectance increased with annealing temperature at higher wavelengths. At lower wavelength, the variation of R with the annealing temperature is not clear.
Optical characterization
Optical absorption
Absorption coefficient (α) is among the most relevant optical parameters for selecting good semiconductors. For a given film thickness d, α can be calculated from the reflectance and transmittance data using Eq. (11) [25] :
The extinction coefficient (k) can thereafter be obtained from Eq. (12):
The extinction coefficient as a function of wavelength for As 30 Te 67 Ga 3 films at different annealing tempera- tures is shown in Fig. 8 . It is observed that the value of k increased with annealing temperature up to 433 K and decreased thereafter. The increase in k may be attributed to the increase in the size of crystalline particles due to the thermal annealing effect. This is similar to the results of other chalcogenide thin films [5, 13] . The decrease in k values for samples annealed at temperatures greater than 433 K could be attributed to the strain reduction ( Table 1) . The band gap is obtained by analyzing the absorption data near the fundamental absorption edge. In most amorphous semiconductors, the variation of optical absorption as a function of the photon energy close to the fundamental absorption edge follows the exponential law. The common equation which is applied above the absorption tails is given in Eq. (13) [26] :
where B is a constant and r is an index. According to the nature of electronic transition, r is proposed to have values of 1 /2, 3 /2, 2 and 3 for allowed direct transition, forbidden direct transition, allowed indirect transition and forbidden indirect transition, respectively [27] . For our samples, the index is r = 2 indicating the occurrence of indirect transitions. Furthermore, a plot of
against the photon energy (h · ν) is linear (Fig. 9a) , and therefore agrees with the classical theory of band to band transition. The indirect band gaps (E ind g ) obtained from the intercepts of the straight lines in Fig.  9a , are summarized in Table 3 . The decrease in indirect energy gap due to the thermal annealing at temperatures higher than T g can be explained in terms of induced crystallization. In this case, weaker bonds are broken because of the existence of enough vibrational energy. Consequently, heat capacity is enhanced as more translational degrees of freedom are introduced into the system which results in decreased optical energy gaps [28] . The increase in the optical band gap above 433 K could be interpreted based on the Mott and Davis' model [8] . Accordingly, unsaturated defects are gradually annealed and density of localized states is reduced. This leads to an increased number of structure bands and consequently increases band gap [29] .
Furthermore, the width of the localized states in the bandgap is an important optical parameter because it represents the degree of disorder in the semiconductor thin films [30] . This parameter can be determined from the Urbach's empirical relation [31] : where α 0 is a constant and E e is the band tail width. The plots of ln α versus photon energy (h · ν) for As 30 Te 67 Ga 3 , at different annealing temperatures, are shown in Fig. 9b . The values of E e obtained therefrom are listed in Table 3 . The width of the localized states increased with temperature in the range of 373-433 K and decreased thereafter. The increase in the band tails width indicates higher disordered films due to the increased bandwidth of localized states. At annealing temperature above the crystallization temperature T p , the crystallinity of the sample increases the width of the localized state thereby leading to an increased optical energy gap. For a deeper understanding of the optical properties of As 30 Te 67 Ga 3 films, it is important to explore other optical parameters such as the refractive index, real and imaginary part of dielectric constant and high-frequency dielectric constant.
Dispersion parameters
The refractive index n is deduced from the reflectance R and the extinction coefficient k according to the following relation [32] :
The values of the refractive index of As 30 
where ε ∞ is the high-frequency dielectric constant, e the electronic charge, c the speed of light, ε 0 the permittivity of free space and N/m * is the ratio of the carrier concentration N to the effective mass m * . The value of ε ∞ was obtained from the linear plot of n annealing temperature within the range of 373-413 K and decreased thereafter. Similarly, the ratio N/m * increased with annealing temperature, indicating that both ε ∞ and N/m * could be attributed to the internal microstructure of the investigated composition.
The Wemple-DiDomenico (WDD) equation was employed to obtain the dispersion parameters of the films based on the single-oscillator approach [34] given as:
where E 0 and E d are the single-oscillator fitting constants which measure the oscillator energy and strength of the interband optical transitions, respectively. Furthermore, E 0 is considered as an average energy gap, which scales with Tauc gap E g , i.e. E 0 = 2 × E g [35] . By plotting (n 2 −1) (Fig 11a) , the values of E 0 and E d were obtained from the slope and intersection of the straight lines. The values presented in Table 3 indicate that, within the measurement accuracy, the relation E 0 = 2 × E g [35] holds for this study. Generally, the variation of E d with the annealing temperature is similar to that of E g (Table 3 ). This indicates that the strength of the interband optical transition decreased with temperature from 373 to 433 K and increased thereafter. The phenomenon can be attributed to the change in the atomic diffusion within the annealed films giving more atoms at interstitial sites.
The refractive index data were also analysed to get the oscillator wavelength (λ 0 ) and the average oscillator strength (S 0 ) using the Sellmeyer's dispersion formula:
The relation between (n 2 − 1)
and λ
−2
for the As 30 Te 67 Ga 3 film as a function of the annealing temperature is shown in Fig. 11b . The calculated values of λ 0 and S 0 are summarized in Table 3 . These parameters are observed to increase with annealing temperature.
IV. Conclusions
The DSC results confirmed the glassy nature of As 30 Te 67 Ga 3 composition prepared by the meltquenching method. Moreover, double crystallization peaks were observed which indicate a phase separation upon heating in the studied composition. The glass transition or crystallization temperatures were found to depend on the heating rate. Also, the XRD spectra showed not only the amorphous nature of the as-prepared films but also a polycrystalline structure for the annealed ones. The values of the indirect band gap were dependent on the annealing temperature. Moreover, the dispersion parameters are affected by thermal annealing, indicating the variation of the density of localized states of the studied annealed films. This shows that thermal annealing is a major factor that can be used to tune the crystal structure, and hence the optical properties of the As 30 Te 67 Ga 3 system.
